Due to recent significant enhancement of computer performance as well as computational techniques, molecular modeling and molecular simulations using computational chemistry can be achieved at the level of practical applications. Even in solvent extraction, the application of computational chemistry to simulations of extraction processes and the molecular design of high-performance extracting agents have gradually been increasing during the last decade. With combining the quantitative structure-property relationship between the molecule properties calculated by the computational chemistry methods and the thermodynamic properties obtained from experiments, researchers can precisely predict the next-generation of extracting agents and novel extraction processes. In this review, the concept of computational chemistry, such as molecular mechanics, molecular orbitals and molecular dynamics calculations, frequently used in the filed of solvent extraction, are outlined. Our systematic research on the solvent-extraction process utilizing MM, MO and MD calculations is also presented.
Introduction
Computing of the structures and properties of chemical compounds is gaining increasing importance as computational techniques become increasingly accurate, and as highperformance computing and molecular graphics become available at relatively low cost. Computational chemistry is now widely recognized as a powerful tool for the design of new molecules with specified properties, and for interpreting their stabilities, reactivities and other physical properties.
Molecular mechanics (MM) calculations are among the simplest and fastest techniques, and are therefore extremely useful when considering a very large molecules (e.g. biopolymers) or a large number of structures (e.g. a whole set of conformers of complex molecules). Though the first MM models were set up and used in the field of coordination chemistry, 1 it was not until recently that inorganic chemists rediscovered the power of this approach, which in the mean time had been developed as a routine tool in the field of organic chemistry. A renewal of interest among inorganic chemists came with the development of functions and parameterizations, which allowed for the modeling of higher coordination numbers, variable coordination geometries and electronic effects exerted by the metal center. The interest in and acceptance of the technique is leading to an increasing number of books and reviews that have been devoted to this subject. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Just the same as for MM calculations, molecular orbital (MO) calculations are frequently used to elucidate the most stable structures of molecules in vacuo as well as in a dense phase. There are 2 types of MO methods, i.e., the semi-empirical MO method, such as MOPAC, and the non-empirical MO method, such as the ab initio method, and density function theory. Even when we use a high-performance computer, however, only small molecules can be calculated with the MO methods, because huge amounts of Schrödinger equations must be solved. Since semi-empirical MO method can not be used to calculate a molecule including an atom without an empirical Hamiltonian parameter of the Schrödinger equation, applications of this calculation method to metal complexes have been delayed due to a lack of empirical Hamiltonian parameters of metals.
Molecular dynamics (MD) simulations using empirical potential functions and parameters are being widely applied to elucidate the dynamic behavior and the thermodynamic properties of molecules in dense phases, such as aqueous and organic solutions. MD simulations have been widely utilizing in the field of molecular simulations of inorganic matter and gas in catalysts and membrane phases. Sophisticated research 20, 21 In this paper, we preliminarily elucidate the concept of MM, MO and MD calculations, and briefly present tutorials of how to calculate the complex molecules. Our systematic research on the solvent-extraction process utilizing MM, MO and MD calculations is also presented.
How to Calculate Complex Molecules
2·1 Guide to the MM calculations 8 MM calculations are based on the idea that the elongation or compression of a bond from its ideal value leads to a loss of energy (Eb). Similarly, a distortion of the valence angles from their equilibrium value (Eθ), distortions around torsional angles (Eϕ), out-of-plane bending of planar arrays (Eδ), unfavorable nonbonded interactions (van der Waals (EvdW) and electrostatic repulsion (Eε)) and a few other possible interactions, contribute to the strain energy of a molecule:
How does MM optimize the complex molecule structure? It calculates the total strain energy (Etotal) from the starting structure that we have created. The result of this calculation depends (i) on the starting structure, (ii) on the functional forms of the terms in the above equation and (iii) on the parameters used in these functions. Terms (ii) and (iii) together define the force field, and this set of functions and parameters should be added, or modified, suitably for the calculation objectives. At present, since the force-field parameters of inorganic compounds are quite insufficient, researchers have been forced to develop the parameters before calculations. The results obtained from MM calculations depend on a number of factors: (i) the input structure; (ii) the force field, i.e. the type, specific form and parameterization of the potential energy functions; and (iii) the energy-minimizing method.
It is important to note that the force field is a highly correlated entity, and all parts of it, that is the potential-energy functions and the set of parameters, are interdependent: if one function or one parameter is changed, some others may have to be refined again. Also, the important message is: do not add force-field parameters from a different force field, even if that force field is well established and produces high-quality results, without carefully checking and refining them in any other force field. In cases where different types of functions are used, it is obvious that quite different parameter sets must be used. However, even for parameterization schemes based on identical potentialenergy functions, these may differ considerably.
Related to force fields based on X-ray structural data is that the optimized structures are related to molecular structures in a crystal lattice. Thus, the suggestion that the computations lead to "gas phase structures" is incorrect, even if the environment is not explicitly considered. Obviously, the anisotropy of a "real" environment will be lost, and generally the modeled structures are more highly symmetrical than the geometries of related experimentally determined crystal structures. Thus, for judging the quality of a computed structure, you should always compare the averages of symmetrically related structural parameters of the experimental structure with the corresponding computed parameters. 
the expression
in which H is the secular determinant (Hamiltonian), S is the overlap matrix, and E is the set of eigenvalues, must be solved. These approximations considerably simplify the quantummechanical calculations. Computational methods are only models, and there is no advantage in rigorously solving the Schrödinger equation for a large system if that system has had to be abbreviated in order to make the calculations tractable. Semi-empirical MO methods are thus seen to be well balanced: they are accurate enough to make useful predictions. 10 Simulations of atoms and molecules play important roles in evaluating and predicting the structures and properties of substances in recent years. Many simulation methods have been developed to meet various targets and purposes. The MD method handles systems consisting of large numbers of atoms and molecules, while the MM and MO methods handle one or small molecules. Moreover, the MD method can deal with the time-dependent properties and behavior of a system.
2·3 Guide to the MD simulations
The MD method generates a series of time-dependent properties (positions and velocities) of all atoms and molecules in the system by solving Newton's equations of motion. "Initial state" and "potential energy functions" are required as input information.
The initial state consists of the initial configurations and velocities of all particles. Especially in the case of a simulation of molecules in the liquid phase with a random-structure, the initial configurations have a great influence on the success or failure of the simulation. Setting the initial velocities corresponds to setting the kinetic energy on each atom in the initial configuration. The sum of the kinetic energy on each atom is related to the temperature in the system that is thermodynamically in equilibrium; the initial velocity of each atom is related to a designated temperature in the system that is in equilibrium. Potential-energy functions describe the interaction between atoms and/or molecules, and are defined using "potential functions" and "parameter sets". Functional forms are greatly dependent on the bond properties and structures of the molecules. The parameter sets in the potential functions are determined to reproduce either experimental data or results from high-accuracy calculations based on quantum mechanics. The validity of the potential-energy functions is the most dominant factor in a successful simulation.
Computational Technology Used in Solvent Extraction
To simulate the solvent-extraction process, the following processes must be calculated: (i) the complex formation process between a substance and the extracting agent; (ii) the diffusion and distribution processes of the extracting agent and the extracted complex through organic and aqueous phases. Therefore, the behavior of the extracting agent and the complex must be calculated by computational methods. Since the construction of parameters for such inorganic compounds has been neglected in the last decade, the application of computational technology to the simulation of solvent extraction has been retarded. A precise quantum chemical calculation with the ab initio MO method is also impossible, even with recent computer resource, because the number of atoms in the complex is beyond several hundred. Figure 1 shows an application protocol of computational chemistry toward the analysis of solvent extraction. The dynamic behavior of the extracting agent and the complex adjacent to the interface is calculated by the MD method, while the structures of the extracting agent and the complex are done by MM or semi-empirical MO methods, for which the empirical parameters of these calculations have already been obtained, or are obtained by themselves.
MM Calculations of the Selective Extraction of Lanthanoids

23-26
We have been developing new force-field parameters specialized for transition metals, lanthanoids and actinides complexes into the MM calculation method, "MOMEC". 27 We have also carried out the MM calculations of lanthanoid complexes with acidic alkyl phosphates and calixarene acetic acid derivatives to elucidate the quantitative structure property relationship (QSPR) between the strain energy differences during the complexation and lanthanoid extractabilities. Figure 2 shows the chemical structures of the extracting agents used in this study, i.e., bis(4-ethylcyclohexyl) hydrogenphosphate (D4ECHPA), bis(4-cyclohexylcyclohexyl) hydrogenphosphate (D4DCHPA), bis(2-ethylhexyl) hydrogenphosphate (D2EHPA), bis(2-ethylhexyl) hydrogenphosphonate (PC-88A), calix [4] arene tetraacetic acid ([4]COOH) and calix [6] arene hexaacetic acid ([6]COOH).
QSPR's for estimating the strain-energy contribution to the thermodynamics of complex formation have been proposed for the lanthanoid(III) complexes studied here. The relation between the total strain energy and the complex formation can be expressed by
where Ui (i = M, HR, Mcom, H and aq) are the relevant terms contributing to the total strain energy. Thus, the strain-energy contribution to complex formation is given by
Since the energies obtained by force-field calculations are relative energy terms, i.e. they depend on the type of compound, and on the force field used, it is reasonable to consider the strain-energy differences, e.g., differences to La(III) as a reference. The relative strain energy with respect to that of the La(III) compounds is given by
From the extraction constant (Kex,M), the following free-energy relationship is obtained:
From Eqs. (6) and (7), it follows that
where α is the apparent QSPR constant of above relationship. Figure 3 shows a plot of (∆UM -∆ULa) vs. log(Kex,M/Kex,La) for all of the extracting agents considered here, revealing a good linear relationship with a slope (α) of 1.26. The high degree of linearity suggests that the neglected terms are either constant or linearly dependent on the strain energy over the whole series of lanthanoid complexes. The QSPR also allows the design of new extracting agents while improving the separation properties.
Semi-empirical MO Calculations of the Selective Extraction of Catecholamine 28
Semi-empirical MO calculations of D2EHPA and its catecholamine (CA) complexes were carried out by a semiempirical MO method (MOPAC2000), 29 to obtain the optimal structures and heat of formation in organic diluents. Figure 4 shows the chemical structures of the catecholamines used in this study, i.e., dopamine (DA), Adrenaline (Ad) and Noradrenaline (NA). D2EHPA reacts with CA according to the stoichiometric relation expressed by
where RNH3 + and (HR′)2 denote cationic CA and dimeric D2EHPA, respectively, and Hi (i = CA, (HR′)2, CAcom, H) are the enthalpies of the relevant terms in the existing media. Thus, the contribution of the heat of formation to the complex formation (∆HCA) is given by
Since the heats of formation obtained by the calculations are relative energy terms, i.e. they depend on the compound types and on the solvent properties, it is reasonable to consider any differences in the heats of formation, e.g. differences from that of DA as a reference. The relative heat of formation with respect to that of the DA compounds (∆HDA) is given by
The following relationship between Kex,CA and free energy (∆GCA) is obtained
From Eqs. (11) and (12), it follows that
where α is the apparent QSPR constant of the above relationship.
A plot of ∆HCA -∆HDA vs. log(Kex,CA/Kex,DA) shown in (13) is either constant or linearly dependent on the heat of formation over the whole CAs. The QSPR with the semi-empirical MO calculation also allows a quantitative prediction of the extraction equilibrium of organic compounds in various organic diluents.
MD Simulation of Interfacial Adsorption of N-
8-Quinolylsulfonamide
30,31
Since the interface between the organic and aqueous phases becomes a separation field, in the solvent-extraction process, not only the stability of the extracted complex, but also the orientation of the extracting agent and the intermediate complex at the interface govern the selectivity of extraction. In order to simulate the extraction behavior, the interface between the organic and aqueous phases should be precisely reproduced so as to clarify the dynamic behavior and structural change of the reactant species near to the interface. The MD method is entirely used for calculating the dynamics. We carried out an MD simulation of the phenomenon that the interfacial activity increases with increasing the alkyl chain length of N-8-quinolylsulfonamides (RphSAQ). A liquid-liquid boundary cell (3 × 3 × 6 nm 3 ) was prepared by two adjoining rectangular boxes of pure water (892 molecules) and toluene (157 molecules) having the real densities of water and toluene. After setting RphSAQ at the interface of the cell, the rectangular liquid-liquid cell was calculated under an NTV ensemble for 100 ps with the MD method. For this purpose, potential functions and a set of parameters specialized for this system were constructed in advance, in the same manner as in constructing the MM force filed. Figure 6 shows a snapshot of the dynamic behavior of RphSAQ adjacent to the interface between the water-toluene phases after 100 ps.
The relationship between the difference in the steric energy of RphSAQ (-∆UHR) obtained by the MD calculation and the interface adsorption equilibrium constant (Kad) of RphSAQ is shown by
where α is the apparent QSPR constant in the interface adsorption equilibrium relationship. The plot of -∆UHR vs. ln Kad in Fig. 7 reveals a good linear relationship with a slope (α) of 2.64. This QSPR technique using the MD calculation becomes an effective prediction tool of the interfacial adsorption properties of extracting agents. 
Conclusions
These days, by appropriately combining MM, MO or MD calculations, the solvent-extraction process can be simulated with sufficient accuracy. In addition, QSPR theory can easily elucidate the relationship between the properties of molecules and the thermodynamics of extraction equilibria. Our final goal is to estimate the real constant of the extraction equilibrium and/or the extraction rate by simulating all of the extraction processes. However, improvements of the potential functions and parameters specialized to extracting agents and their metal complexes as well as the development of a high-speed MD simulator of a large liquid-liquid cell still remain to proceed. Furthermore, these calculation methods mentioned here will become important as a global standard of simulations of many kinds of separation processes such as, ion exchange, adsorptive separation, and membrane separation.
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